Introduction: Intravenous (IV) iron compounds enjoy widespread clinical use. No studies have examined the effect of antioxidants on oxidative damage-associated changes in bladder contractility from IV iron compounds. Objective: To determine if oxidative stress from 2 IV iron compounds effect rat bladder contraction and if coadministered antioxidants are protective. Methods: Three groups of 6 SD rats were studied. Group 1 received weekly 1 mg/kg doses of ferumoxytol (FX) or iron dextran (ID) for 5 doses. Group 2 received coenzyme Q10 (5 mg/kg) plus alpha lipoic acid (10 mg/kg) daily for 4 weeks before starting IV iron, then 1 mg/kg of the 2 iron compounds weekly for 5 doses. Antioxidant treatment continued until the last iron dose. Group 3 were controls and received saline and half received the antioxidants over the same time period. Seven days after the last iron dose, liver and heart samples were analyzed for nitrotyrosine (NT) and dinitrophenol (DNP) content. The contractile responses of bladder strips to field stimulation (FS) (2, 8, and 32 Hz), carbachol (10 mg), and KCl (120 mM) were determined. Results: DNP concentrations in heart and liver after treatment with FX were similar to control. NT concentrations in both tissues were increased above control with FX. DNP and NT concentrations of both tissues due to ID were higher than both controls and FX. FX had no effect on bladder contractile responses to any form of stimulation, but ID produced decreases in bladder responses to all stimuli. Antioxidants had no effect on bladder contractility in FX-treated rats, but contractile responses to all forms of stimulation were increased by the antioxidants in ID-treated rats. The antioxidants had no effect on control rats. Conclusion: FX and ID caused oxidative stress to several organs, but FX was less stressful than ID. Antioxidants attenuated the effects of ID on bladder contractility.
Introduction
Intravenous (IV) iron compounds are widely used in clinical practice for the management of moderate to severe iron deficiency anemia and anemia of chronic disease. 1e4 These preparations have been shown to cause oxidative damage to a variety of cells, tissues and organs in animals and humans. 5e17 Generally, the magnitude of oxidative stress is dependent on the physicochemical robustness of the complex: the less robust products more readily release labile iron into the circulation, increasing the likelihood of production of highly reactive oxygen species. 18, 19 We previously demonstrated, unexpectedly, that iron dextran (ID), a highly robust compound, produced the greatest elevations in production of biomarkers for oxidative stress (dinitrophenyl [DNP] and nitrotyrosine [NT] ) of the series of IV iron compounds tested, in heart, lung, brain and kidneys of rats, using doses equivalent to clinical practice. A much more attenuated effect was observed with ferumoxytol (FX), which is also considered to be a robust complex (unpublished data).
In previous studies, we have shown that the urinary bladder is very sensitive to oxidative stress and the effects can be quantified by studying the effects of isolated urinary bladder strips in response to specific forms of stimulation.
20e23 Bladder contraction can be caused by field stimulation (FS) via the release of contractile neurotransmitters (acetylcholine and ATP), by carbachol (direct stimulation of muscarinic cholinergic receptors) and by potassium chloride (KCl) (direct depolarization of smooth muscle cell membrane). Using the bladder in this manner allows the study of the functional effects of the oxidative stress. Additionally, previous studies have shown that changes in rabbit bladder contractility due to oxidative stress can be attenuated by pre-administration of antioxidants.
24e26 To our knowledge, no studies have examined the effect of antioxidants on the oxidative damage-associated changes in bladder contractility due to intravenous (IV) iron compounds. Therefore, the objective of this study was to determine if the oxidative stress mediated by two IV iron compounds affect urinary bladder contraction and whether antioxidant treatments would protect the bladder. We chose ferumoxytol (FX) and iron dextran (ID) because of differences observed in our previous unpublished observations. We have chosen coenzyme Q10 (CoQ) and alpha lipoic acid (LA) as the antioxidants based on the prior studies showing the effectiveness of these two specific antioxidants against oxidative bladder damage. 
Methods
Three groups of 6 adult SD rats were studied. Group 1 received 1 mg/kg of ferumoxytol (FX) or 1 mg/kg high molecular weight iron dextran (ID), weekly for 5 doses. The dose of 1 mg/kg was chosen to mimic doses of IV iron that typically are observed with clinical use (up to 1000 mg in adults of 50e100 kg). Seven days following the last dose, animals were euthanized using CO 2 followed by cardiac puncture. Rats in group 2 received two naturally occurring antioxidants, coenzyme Q10 (5 mg/kg) plus alpha lipoic acid (10 mg/ kg), daily for 4 weeks before starting IV iron doses. These doses of antioxidants were chosen as they have proven effectiveness in significantly reducing the oxidative stress to the bladder caused by partial outlet obstruction and in vitro ischemia.
12,13 Thereafter group 2 received 1 mg/kg of the two IV compounds weekly for 5 doses and antioxidant treatment continued until the end of the experiment. Seven days following the last iron dose, animals were euthanized as described above. Group 3 rats were controls and received saline. Half of the control rats received the antioxidants over the same time period. Antioxidant treatment continued until the end of the experiment. Seven days following the last IV iron dose, animals were euthanized. After euthanasia, samples of liver and heart were removed for analysis of NT and DNP as markers of oxidative stress. The bladders were removed, cut into two strips and placed in separate isolated baths containing oxygenated Tyrode's solution containing 1 mg/ml glucose. The contractile responses of the strips to FS (2, 8, and 32 Hz), carbachol (10 mg), and KCl (120 mM) were determined.
Results
Fig . 1 shows the responses of the heart and liver to the IV iron compounds. The DNP concentrations of both tissues in FX-treated animals were similar to those in the saline controls. The concentrations of NT in both tissues were significantly increased above control with FX. The concentrations of both DNP and NT of both tissues to ID were significantly higher than both controls and FX. Fig. 2 shows the effect of the antioxidants as the percent inhibition of the DNP and NT concentrations in heart and liver tissues. The antioxidants showed little inhibition of the DNP or NT concentrations in saline control animals in both heart and liver. There was no significant inhibition of DNP concentrations in FX-treated animals in either heart or liver. However, there were significant inhibitions of NT concentrations in FX-treated rats in both heart and liver and of both DNP and NT concentrations in ID-treated animals in both heart and liver.
The contractile responses of the bladder strips to both FX and ID are presented in Fig. 3 (due to FS) and Fig. 4 (due to KCl and carbachol). FX had no effect on the contractile responses to any form of stimulation, whereas ID resulted in significant decreases in the responses to all stimuli.
The effects of the antioxidants on the contractility of bladder strips in iron-treated animals are presented in Fig. 5 (FX treatment) and Fig. 6 (ID treatment) . Antioxidants had no effect on the contractile responses to any stimuli in the FX-treated rats (Fig. 5) . However, antioxidants caused a significant increase in the contractile responses to all forms of stimulation in the rats treated with ID (Fig. 6) . 
Discussion
IV iron preparations are generally classified by the robustness of the complex. Less robust preparations release labile iron more readily than preparations with higher robustness (such as ID and FX). 18, 19 ID has previously been shown to promote oxidative stress. 11,15e17 Toblli et al showed that 40 mg/kg doses of ID produced more oxidative damage than the other IV iron preparations.
11
ID produced significant changes in a number of markers of oxidative stress (such as elevations of glutathione peroxidase and CuZnsuperoxide dismutase and decreased reduced-to-oxidized glutathione) in heart, liver and kidney tissues. This was also observed with sodium ferric gluconate (FG), as expected in an agent with ready release of reactive labile iron. In addition, very large elevations in immunostaining in all 3 tissues for IL-6 and TNF-a after both FG and ID were demonstrated. Prussian blue staining for free iron was elevated for both FG and ID, suggesting poor utilization of iron from ID and FG, although the authors did not discuss the possible mechanism of these findings. We have shown that there are differences in the responses to FX and ID in heart, liver and bladder. In both heart and liver, there were elevations in the production of NT, but not DNP in rats that had received a course of FX compared to saline control. However, in animals that were treated with ID, there were significant elevations in the production of both NT and DNP compared to both control and FX-treated rats. Antioxidant treatment showed significant decreases in the concentration of DNP only in the hearts and livers of ID-treated animals, whereas NT was reduced in both tissues in both ID-and FX-treated animals.
In the contractility studies, treatment with FX showed no effect on bladder responses compared to control, but use of ID showed that contractility was attenuated with all forms of stimulation. These results support our earlier findings that ID is associated with more oxidative damage than other intravenous iron products.
Prior studies on oxidative stress on the urinary bladder show that FS is affected to significantly greater degree than the responses to carbachol or KCl.
20e23 Although FS was slightly more sensitive to inhibition by ID, this difference was not statistically significant. Since all contractile functions were depressed by ID, it would seem that the nerves, receptors, and cell membranes were all equally affected. Since FX had no effect on the contraction to any form of stimulation although NT was significantly increased, it would seem that DNP might be more damaging to bladder contraction than NT. Of interest is our finding that pretreatment and co-administration of the animals with antioxidants CoQ plus LA protected the bladder from the damaging effects of ID. These findings confirm the similar protection observed in prior studies using other forms of oxidative stress, including partial outlet obstruction, in vivo and in vitro models of ischemia/reperfusion. 24e27 Since these antioxidants were effective in protecting against ID, it would seem logical to conclude that the damaging effects of ID to the bladder was via oxidative stress and free radical generation and damage. There are potential clinical ramifications of these findings. IV iron is used widely, especially in the treatment of anemia of chronic disease (such as that complicating chronic kidney disease [CKD], inflammatory bowel disease, chronic heart failure and some cancers), but also in conditions of iron deficiency (such as during pregnancy and the postpartum period, heavy uterine bleeding and following gastric bypass surgery). In many of these situations, longterm use of intermittent doses of IV iron is common practice, producing cumulative annual doses of several grams. It could be hypothesized that long-term exposure of patients to frequent oxidative insults could be harmful. No hard outcome data are extant. However, recently, the overzealous use of IV iron preparations in randomized clinical trials of anemia correction may be at least partly to blame for the poorer outcomes of CKD patients assigned to higher hemoglobin targets has been suggested. 27 Thus, strategies, such as concurrent use of antioxidants, might be appropriate to ensure less potential long-term toxicity. Our findings are very suggestive that functional changes do occur as a result of oxidative insults, and thus clinical benefits might accrue from antioxidant use in patients receiving IV iron.
Conclusions
These studies confirm that IV Fe compounds present a risk of oxidative stress to a variety of internal organs, and that ID was significantly more stressful than FX. ID caused significantly reduced contractile responses of the urinary bladder to all forms of stimulation, and co-administration with antioxidants mitigated the damaging effects of ID on bladder contractility. In addition, the antioxidants coenzyme Q10 þ alpha lipoic acid reduced the oxidative stress in a variety of tissues following IV iron administration. Carefully designed clinical studies should be completed to determine the impact of antioxidant use on patients receiving courses of IV iron.
Conflicts of interest
All authors have none to declare.
